.-When toluene is added at appropriate levels to exponentially growing cultures of Escherichia coli, a time-dependent loss of turbidity is observed which is concurrent with a loss of material to the medium and with unmasking of ,3-galactosidase. In addition, the galactoside permease system is totally destroyed. Electron micrographs confirm the indications that the cells are not being lysed by toluene, although the cytoplasm collapses to the interior of the cell. Included in the material lost from the cell after toluene treatment is 85% of the total ribonucleic acid (RNA), the principal source of which appears to be the ribosomes. The loss of RNA is temperature-dependent. Protein is also lost to the medium as a function of both temperature and available toluene. Up to 25% of the total protein is found in the medium, the precise amount depending on the level of toluene employed. Zone centrifugation studies of extracts from treated cells indicate that toluene elicits a rapid disaggregation of ribosomes that is terminated, at any stage, by disruption of the cells. The disaggregation is temperature-dependent and does not occur at 4 C. It appears to be distinct from the actual degradation of ribosomal RNA and is accompanied by an accumulation of small particles during the initial phases of treatment at 21 C. Toluene added to crude extracts of normal E. coli cells is unable to cause detectable ribosome destruction.
Toluene has been employed for many years by microbiologists to sterilize cultures and to maintain solutions in a sterile condition. Furthermore, it has been employed as an unmasking agent in the assay of a variety of enzymes, e.g., fB-galactosidase (Herzenberg, 1959) , arabinose isomerase (Dobrogosz and DeMoss, 1963) , and alkaline phosphatase (Levinthal, 1962) , in bacteria in which it apparently alters the accessibility of these enzymes, present in whole cells, to exogenous substrates. Despite its history of long and extensive use, the nature of the effects of toluene has received scant attention. Scholz et al. (1959) noted that yeast cells treated with toluene exhibited large increases in the cellular content of hexosephosphates. They suggested that toluene causes a partial breakdown of intracellular compartments concerned with glycolytic reactions. Aside from this report, little attention appears to have been given to the mechanism(s) whereby toluene elicits cell death and causes enzyme unmasking, or to a possible relationship between these phenomena.
Preliminary evidence indicated to us that toluene-treated Escherichia coli cells remain essentially intact and retain at least some of their metabolic capabilities, and that,B-galactosidase is not solubilized, but remains with the cell pellet.
Therefore, toluene-elicited death, as well as the unmasking of enzymes, did not seem to be a simple matter of disrupting the cell or of wholly denaturing it. We report in this paper the results of some of our investigations into the effect of toluene on the structure and function of E. coli.
MATERIALS AND METHODS
Cultures and extracts. Except where a specific strain is noted, parallel experiments were conducted with each of E. coli strains ML-308, K-12, and the K-12 derivatives 200-PS and W-3000. The bacteria were grown in minimal salts medium (Sypherd and Strauss, 1963) supplemented with 0.5% glycerol. The culture flasks were aerated by shaking at approximately 76 rev/min in a New Brunswick Gyrotory water bath.
For the preparation of extracts, cell cultures were centrifuged at 12,000 X g for 10 min. The cells were then suspended in the original volume of minimal salts medium and centrifuged at 12,000 X g for 10 min. The resulting washed pellet was suspended in approximately 5 ml of appropriate buffer and broken in the French pressure cell at approximately 4,000 psi. The suspension of broken cells was centrifuged at 20,000 X g for 20 min, and the resulting supernatant fluid was used as the extract.
Toluene treatment. Cell suspensions were shaken with toluene in a New Brunswick Gyrotory water 1420 bath at approximately 76 rev/min. The toluene treatment of cell extracts was accomplished in a tube with intermittent 60-sec immersions in a water bath and 30-sec vigorous stirrings with a vortex mixer.
Analytical procedures. jS-Galactosidase was assayed according to the method of Lederberg (1950) .
The uptake of C14-leucine, C14-uracil, and f8-methyl-C'4-thiogalactoside by cells was measured by filtering the cells directly onto 0.45-pu filters (Millipore Filter Corp., Bedford, Mass.) and placing the dried filters into vials containing 10 ml of scintillation fluid (4 g of 2,5-diphenyloxazole and 100 mg of 1, 4-di[2-(5-phenyloxazolyl)]-benzene per liter of toluene). The vials were assayed in a Model 725 Nuclear Chicago scintillation counter. Ribonucleic acid (RNA) and protein were precipitated with 5% trichloroacetic acid, and the precipitates were filtered and assayed for radioactivity by the same procedure.
For zone centrifugation analysis, cell extracts were centrifuged through 5 to 20% sucrose gradients in tris (hydroxymethyl) During the course of the decline in turbidity, there appeared in the medium increasing amounts of material absorbing at 260 m,u, and a progressive unmaasking of the enzyme j-galactosidase occurred. Furthermore, both the rate and the extent of the unmasking appeared to be functions of the level of toluene used. At 50 gliters per milliliter of culture, unmasking was maximal and occurred within seconds; but, at 1.5 uliters per milliliter, unmasking was approximately 50% of maximum and paralleled the decreasing turbidity. The addition of further toluene, after the maximal turbidity loss at lower levels is attained, did not bring about a further decline of turbidity but did cause further unmasking of (8- The total loss of RNA was independent of the levels of toluene; however, the rate of loss was much faster at 50 than at 1.5 ,uliters per milliliter (Fig. 5) and may indicate that larger "holes" are made in the cytoplasmic membrane.
Toluene-elicited RNA loss from E. coli, like protein loss, is temperature-dependent, but, unlike protein loss, it is independent of toluene levels within the range used in the experiments reported here. The rate of loss of RNA from the cells, however, is affected by the levels of toluene and presumably reflects the length of time required for the whole population of cells to absorb sufficient toluene at the low levels to elicit the effect. Temperature dependency, in this case, as with protein loss, may have a wholly trivial explanation based on lowered solubility of toluene in lipids and lipoproteins. On the other hand, since the lost RNA appears to be largely of ribosomal origin and since it appears in the surrounding medium as acid-soluble material, the possibility exists that toluene elicits an enzymatic degradation of ribosomes followed by degradation of ribosomal RNA, and that it is the enzymatic action that is temperature-dependent.
The results of zone centrifugation studies of extracts of treated cells indicate that the disaggregation of ribosomes is a distinct reaction from degradation of RNA, since between 15 and 30 min are required at 37 C for the maximal loss of cellular RNA to occur. However, the time for complete disaggregation of normal ribosomes is much less than that. This notion is supported by the fact that the smaller particles which accumulate during the early stages of 21 C toluene treatment continue to degrade in extracts of treated cells at 37 C, but the particles in the 100S and 70S region do not.
Of the various mechanisms that can be imagined for the toluene-elicited disaggregation of ribosomes, all fall into two classes which involve either a disaggregating enzyme or the direct denaturation by toluene. All attempts to demonstrate a disaggregating factor have thus far met with failure. This could indicate that such a factor is very unstable or that an inhibitor is released upon cell disruption. Alternatively, it may suggest that the peculiar organization of the cell is required for the factor to be effective. This latter explanation could also be important to a mechanism involving denaturation by toluene, inasmuch as toluene is unable to effect disaggregation of ribosomes in extracts.
Whether the mechanism ultimately proves to involve an enzyme or simply a denaturation, the study of toluene-elicited ribosomal subparticles could provide some important information regarding the structure of ribosomes and their organization in the cell.
The unmasking of ,B-galactosidase by toluene presents a further curiosity, namely, that a level sufficient to destroy galactoside permease (1.5 ,uliters per milliliter of culture), to produce a seven orders of magnitude reduction in viable count, and presumably to render the cells freely permeable to small molecules, results only in approximately a half-maximal unmasking of the enzyme. It has already been noted that the masking of ,B-galactosidase is only partially a question of impermeability of the substrates (Lederberg, 1950) . Hence, the results with toluene lend some weight to the notion that masking reflects some peculiarity of organization of the cell rendering the enzyme inaccessible to the substrate (Bonner, 1955) .
With regard to the lethal effect of toluene, it must be said that either the loss of the ability to concentrate substrates or the loss of ribosomes would be sufficient to explain the inviability of toluene-treated cells. Still, the treated cell retains the machinery to provide itself with energy, and thus may find some utility in the study of terminal oxidation reactions and of membranebound activities.
